ABSTRACT CLH-3a and CLH-3b are Caenorhabditis elegans ClC channel splice variants that exhibit striking differences in voltage, Cl ÿ , and H 1 sensitivity. The major primary structure differences between the channels include a 71 amino acid CLH-3a N-terminal extension and a 270 amino acid extension of the CLH-3b C-terminus. Deletion of the CLH-3a N-terminus or generation of a CLH-3a/b chimera has no effect on channel gating. In contrast, deletion of a 169 amino acid C-terminal CLH-3b splice insert or deletion of the last 11 amino acids of cystathionine-b-synthase domain 1 gives rise to functional properties identical to those of CLH-3a. Voltage-, Cl ÿ -, and H 1 -dependent gating of both channels are lost when their glutamate gates are mutated to alanine. Glutamate gate cysteine mutants exhibit similar degrees of inhibition by MTSET, but the inhibition time constant of CLH-3b is sevenfold greater than that of CLH-3a. Differences in MTSET inhibition are reversed by deletion of the same cytoplasmic C-terminal regions that alter CLH-3b gating. Our results indicate that splice variation of the CLH-3b cytoplasmic C-terminus alters extracellular structure and suggest that differences in the conformation of the outer pore vestibule and associated glutamate gate may account for differences in CLH-3a and CLH-3b gating.
INTRODUCTION
The first member of the ClC superfamily of voltage-gated Cl ÿ channels was identified in 1990 by Jentsch and coworkers (1) . ClC-encoding genes have since been found in plants, fungi, animals, and bacteria. In animals, ClC channels play key roles in diverse and fundamental physiological processes including regulation of skeletal muscle membrane excitability and cytoplasmic Cl ÿ levels, transepithelial Cl ÿ transport, and acidification of intracellular vesicles. Nine ClC genes have been identified in mammals, and mutations in five of these are associated with inherited muscle, bone, kidney, and neurological diseases (2, 3) . Recent x-ray crystallographic studies of bacterial ClCs indicate that the proteins form homodimers and that an independently gated pore is present in each subunit (4, 5) as originally postulated by Miller and co-workers (6, 7) . Bacterial ClC monomers are composed of short intracellular amino (N)-and carboxyl (C)-termini and 18 a-helical domains (termed A-R; Fig. 1 ), 17 of which are intramembrane (5) . Structure/function analysis of vertebrate ClC channels indicates that the overall membrane and pore structure of ClCs is likely conserved in prokaryotes and eukaryotes (e.g., [8] [9] [10] ). However, a major and important structural difference between the ClC proteins of these two groups of organisms is the presence in eukaryotic ClCs of a large cytoplasmic C-terminus containing two highly conserved cystathionineb-synthase or CBS domains (11) . Dutzler et al. (5) demonstrated that the most C-terminal a-helix (helix R) of the Salmonella enterica ClC participates in Cl ÿ coordination within the selectivity filter. They postulated that in eukaryotes the attachment of helix R to the cytoplasmic C-terminus could provide a structural basis for regulating channel gating.
clh-3 is a Caenorhabditis elegans ClC-encoding gene (12, 13) . Two clh-3 encoded splice variants have been identified, CLH-3a and CLH-3b (12) (13) (14) . These proteins have identical intramembrane domains but differ significantly in their cytoplasmic N-and C-termini (Fig. 1) . CLH3b is expressed in the worm oocyte and is activated by serine/threonine dephosphorylation during cell swelling and oocyte meiotic maturation (15) (16) (17) . Meiotic maturationinduced channel activation functions to synchronize oocyte cell cycle progression with ovulation and fertilization (16, 18) .
We recently carried out extensive functional characterization of CLH-3a and CLH-3b expressed heterologously in HEK293 cells (14) . The two channels differ strikingly in their biophysical properties. CLH-3a requires stronger hyperpolarization for activation than CLH-3b. Depolarizing conditioning voltages dramatically increase CLH-3a current amplitude and induce a slow inactivation process at hyperpolarized voltages but have no effect on CLH-3b activity. CLH-3a also exhibits significantly greater sensitivity to extracellular Cl ÿ and H 1 . The purpose of this investigation was to test the hypothesis that alternative splicing of the cytoplasmic C-terminus gives rise to the gating properties of CLH-3a and CLH-3b. Deletion of the unique CLH-3a N-terminus or generation of a CLH-3a/b chimera has no effect on channel voltage, Cl ÿ , or H 1 sensitivity. In contrast, deletion of a 169 amino acid CLH-3b C-terminal splice insert or deletion of the last 11 amino acids of CBS domain 1 (CBS1) gives rise to functional properties identical to those of CLH-3a. Consistent with studies on other ClC channels (e.g., 4, 19, 20) , voltage-, Cl ÿ -, and H 1 -dependent gating of CLH-3a and CLH-3b are lost when the protopore glutamate gate is mutated to alanine. When the glutamate gate is mutated to cysteine, CLH-3a and CLH-3b exhibit striking differences in the rate of current inhibition by the sulfhydryl reagent MTSET. The differences in MTSET inhibition are reversed by deletion of the same CLH-3b cytoplasmic C-terminal regions that alter channel biophysical properties. Our results indicate that splice variation of the CLH-3b cytoplasmic C-terminus alters extracellular structure and cysteine reactivity and suggest that differences in the conformation of the outer pore vestibule and associated glutamate gate may account for differences in CLH-3a and CLH-3b gating.
MATERIALS AND METHODS

Transient expression of CLH-3 constructs
Chimera and truncation mutants were generated by polymerase chain reaction (PCR)-based fusion strategies. Point mutants were generated using a Quikchange kit (Stratagene, La Jolla, CA). All mutants were confirmed by DNA sequencing.
HEK293 (human embryonic kidney) cells were cultured in Eagle's minimal essential medium (MEM; Gibco, Gaithersburg, MD) containing 10% heat-inactivated fetal bovine serum (Gibco), 50 units/ml penicillin, and 50 mg/ml streptomycin. Cells grown in 35-mm dishes to ;50% confluency were transfected using Superfect reagent (Qiagen, Valencia, CA) with 1 mg green fluorescent protein (GFP) cDNA ligated into pCDNA3 and 5-6 mg wild-type CLH-3a cDNA (kindly provided by Dr. Thomas Jentsch), wildtype CLH-3b cDNA (13), or various CLH-3a and CLH-3b mutant cDNAs ligated into pCDNA3.1. Cells were transfected for 3 h, washed 33 with MEM and incubated overnight at 37°C.
Whole cell patch clamp recording
HEK293 cells were patch clamped ;24 h after transfection. Two hours before initiating electrophysiological experiments, transfected cells were dissociated by brief exposure to trypsin and then plated onto poly-L-lysinecoated coverslips. Plated coverslips were placed in a bath chamber mounted onto the stage of an inverted microscope. Cells were visualized by fluorescence and differential interference contrast (DIC) microscopy.
Transfected cells were identified by GFP fluorescence and patch clamped using a bath solution containing 90 mM n-methyl-D-glucamine (NMDG)-Cl, 5 mM MgSO 4 , 1 mM CaCl 2 , 12 mM Hepes, 8 mM Tris, 5 mM glucose, 80 mM sucrose, and 2 mM glutamine (pH 7.4, 300 mOsm), and a pipette solution containing 116 mM NMDG-Cl, 2 mM MgSO 4 , 20 mM Hepes, 6 mM CsOH, 1 mM EGTA, 2 mM ATP, 0.5 mM GTP, and 10 mM sucrose (pH 7.2, 275 mOsm). In low bath Cl ÿ experiments, NMDG-Cl was partially replaced with NMDG-gluconate. Patch electrodes were pulled from 1.5-mm outer diameter silanized borosilicate microhematocrit tubes; electrode resistance ranged from 2-4 MV. Currents were measured with an Axopatch 200B (Axon Instruments, Foster City, CA) patch clamp amplifier. Electrical connections to the patch clamp amplifier were made using Ag/AgCl wires and 3 M KCl/agar bridges. Data acquisition and analysis were performed using pClamp 8 software (Axon Instruments).
Cells were voltage clamped at a holding potential of 0 mV, and currents were elicited by stepping membrane voltage to values from ÿ120 mV to 180 mV in 20 mV steps. Current-to-voltage (I-V) relationships were constructed from mean current values recorded over the last 20 ms of voltage steps. CLH-3 channel voltage sensitivity is not accurately described by halfactivation potentials derived from Boltzmann analyses (14) . We therefore estimated channel activation voltage from I-V relationships as described previously (14) . Briefly, wild-type and mutant CLH-3 channels activated between ÿ20 mV and ÿ40 mV or ÿ60 mV and ÿ100 mV. Activation voltage was determined by fitting a straight line between ÿ40 mV and ÿ60 mV or ÿ80 mV and ÿ100 mV on I-V curves and extrapolating back to the zero current voltage. The zero current intercept of this line is defined as the activation voltage.
MTSET inhibition experiments
[2-(Trimethylammonium)ethyl] methanethiosulfonate bromide (MTSET; Toronto Research Chemicals, Toronto, Ontario, Canada) was dissolved in water as a 400 mM stock and stored in 100 ml aliquots at ÿ80°C until use. Single aliquots were added to 40 ml of control bath immediately before each experiment. The final MTSET working concentration was 1 mM.
Whole cell current amplitude in MTSET experiments was recorded by stepping membrane voltage to ÿ100 mV for 500 ms every 1 s from a holding potential 0 mV. The bath was perfused continuously with control solution during this voltage clamp protocol. Cells were exposed to MTSETcontaining bath solution after whole cell current reached stable levels. showing the major differences between the cytoplasmic N-and C-termini (dashed boxes) of CLH-3a and CLH-3b. Major differences between CLH-3a and CLH-3b include a 71 amino acid addition to the N-terminus of CLH3a (amino acids 1-71), a 101 amino acid insertion between CBS1 and CBS2 in CLH-3b (amino acids 668-768), and a 169 amino acid extension of the CLH-3b C-terminus (amino acids 833-1001).
Continuous bath perfusion was maintained until MTSET inhibition was complete.
Statistical analyses
Data are presented as means 6 SE. Statistical significance was determined using Student's two-tailed t-test or ANOVA. p values of #0.05 were taken to indicate statistical significance.
RESULTS
Splice variation of the C-terminus regulates CLH-3b voltage, Cl 2 , and H 1 sensitivity Fig. 1 A is a schematic diagram showing the basic structural features of eukaryotic ClC channels. The channels are composed of 18 a-helical domains and intracellular N-and C-termini. Two CBS domains joined by a linker region of variable length are present in the cytoplasmic C-terminus (5, 11) . A block diagram showing the major primary structure differences between CLH-3a and CLH-3b is shown in Fig.  1 B (see Denton et al. (14) for alignment of the CLH-3a and CLH-3b amino acid sequences). The major differences between the channels include a 71 amino acid N-terminal extension on CLH-3a (amino acids 1-71), a 101 amino acid insertion between CBS1 and CBS2 on CLH-3b (amino acids 668-768), and 169 amino acid extension of the CLH-3b C-terminus (amino acids 833-1001) (14) .
Figs. 2 and 3 show the major functional differences between wild-type CLH-3a and CLH-3b. The two channels exhibit striking differences in voltage sensitivity. Transfected cells were held at 0 mV and then voltage clamped for 3 s at conditioning voltages of ÿ20 to 160 mV before stepping to ÿ120 mV for 2 s to activate the channels. CLH-3a activity was potentiated by predepolarization whereas it had no effect on CLH-3b activity (Fig. 2, A and B) . Conditioning depolarization also induced slow inactivation of CLH-3a but had no effect on CLH-3b (Fig. 2 C) .
CLH-3a and CLH-3b exhibited different sensitivities to hyperpolarizing voltages and extracellular ions. Mean activation voltages for CLH-3a and CLH-3b were ÿ68 mV and ÿ32 mV, respectively (Figs. 3, A and B). Lowering extra-FIGURE 2 Effect of depolarizing conditioning potentials (CP) on wild-type CLH-3a and CLH-3b. (A) Representative current traces from HEK293 cells cotransfected with GFP and mutant channel cDNAs. Cells were held at conditioning voltages of ÿ20 mV to 60 mV for 3 s and then voltage clamped at ÿ120 mV to activate heterologously expressed channels. A schematic diagram of the wild-type CLH-3a and CLH-3b channels is shown above the current traces. (B) Effect of conditioning potential (CP) on hyperpolarization-induced current activation. Peak current amplitude was measured between 170 ms and 270 ms after stepping to ÿ120 mV. Current values were normalized to that measured following a conditioning pulse of ÿ20 mV (i.e., I ÿ20 mV ). Values are means 6 SE (n ¼ 6-7). (C) Effect of CP on current inactivation. Mean normalized pseudo-steady-state current (I SS ) was measured over the last 20 ms of the ÿ120 mV test pulse and normalized to peak current (I peak ) amplitude. Values are means 6 SE (n ¼ 6-7). Predepolarization induces current potentiation and inactivation only in CLH-3a.
cellular Cl ÿ concentration from 92 mM to 12 mM inhibited CLH-3a activity ;29% but had no inhibitory effect on CLH-3b (Fig. 3 C) . Decreasing extracellular pH from 7.4 to 5.9 increased CLH-3a and CLH-3b activity 3.9-fold and 1.6-fold, respectively (Fig. 3 D) .
The differences in the functional properties of the two channels could be due either to splice insert of the unique 71 amino acid N-terminus onto CLH-3a and/or addition of the two splice inserts into the C-terminus of CLH-3b (see Fig.  1 B) . To determine whether the 71 amino acid N-terminus of CLH-3a modulates channel gating, we created a CLH-3a N-terminal deletion mutant, CLH-3aD1-71, and a chimera of CLH-3a and CLH-3b, CLH-3a/b, in which the first 71 amino acids of CLH-3a were fused to the CLH-3b N-terminus.
As shown in Figs. 4 and 5, neither deletion of the 71 amino acid N-terminus of CLH-3a nor addition of this domain to CLH-3b had any effect on channel properties. CLH-3aD1-71 and CLH-3a/b exhibited the same basic functional characteristics as wild-type CLH-3a and CLH-3b, respectively. Like wild-type CLH-3a, CLH-3aD1-71 was sensitive to depolarizing conditioning voltages (Fig. 4 , A and B), required strong hyperpolarization (;ÿ70 mV) for activation (Fig. 5 , A and B), was inhibited by reduction of bath Cl ÿ concentration (Fig. 5 C) , and was activated more than fourfold by reduction of bath pH from 7.4 to 5.9 (Fig. 5 D) . In contrast, the CLH-3a/b chimera retained CLH-3b-like properties. CLH-3a/b was insensitive to depolarizing conditioning voltages (Fig. 4, A and B) and reduction of bath Cl ÿ (Fig. 5 C) , had an activation voltage of ;ÿ28 mV ( Fig. 5 A and B) , and was activated less than twofold by a pH 5.9 bath solution (Fig. 5 D) . Taken together, these results demonstrate that the 71 amino acid N-terminal splice insert on CLH-3a does not modulate channel voltage, pH, or Cl ÿ sensitivity. To test the role of splice variation of the C-terminus in regulating channel gating, we deleted separately the two CLH-3b splice inserts (see Fig. 1 B) . Deletion of the most were evoked by stepping membrane voltage for 1 s between ÿ120 mV and 180 mV in 20-mV increments from a holding potential of 0 mV. Each test pulse was followed by a 4-s interval at 0 mV. I-V plots are normalized to the steady-state current measured at ÿ120 mV. Values are means 6 SE (n ¼ 6-7). *p , 0.0001 compared to CLH-3b. A schematic diagram of the wild-type CLH-3a and CLH-3b channels is shown above the I-V plots. (C) Effect of reducing bath Cl ÿ concentration from 92 mM to 12 mM on whole cell current amplitude measured at ÿ100 mV. Current amplitude was normalized to that measured at 92 mM Cl ÿ (I 92 Cl ). Values are means 6 SE (n ¼ 8-9). *p , 0.0004 compared to CLH-3b. Relative current for CLH-3b is not significantly different from 1 (p . 0.2). (D) Effect of bath pH on whole cell current amplitude measured at ÿ100 mV. Current amplitude was normalized to that measured at pH 7.4 (I pH 7.4 ). Values are means 6 SE (n ¼ 8-9). *p , 0.0001 compared to CLH-3b. CLH-3a requires stronger hyperpolarization for activation compared to CLH-3b. In addition, CLH-3a is more sensitive to extracellular H 1 and is inhibited by reducing bath Cl ÿ concentration.
C-terminal splice insert (amino acids 833-1001) gave rise to CLH-3a-like functional properties. CLH-3b(D833-1001) was potentiated by depolarizing conditioning voltages ( Fig. 6 ) and exhibited reduced sensitivity to hyperpolarizing voltages and increased sensitivity to extracellular Cl ÿ and H 1 (Fig. 7) . The voltage, Cl ÿ , and H 1 sensitivity of CLH3b(D833-1001) fully recapitulates that of wild-type CLH-3a (Figs. 2 and 3) .
Deletion of the 101 amino acid splice insert located between CBS1 and CBS2 of CLH-3b (amino acids 668-768) did not alter channel sensitivity to depolarizing conditioning voltages (Fig. 6 ) or sensitivity to Cl ÿ and H 1 (Fig. 7 , D and E). However, CLH-3b(D668-768) exhibited significantly (p , 0.0001 compared to wild-type CLH-3b; see Fig. 3 B) reduced sensitivity to hyperpolarizing voltages (Fig. 7 B) .
CLH-3b(D668-768) also had altered kinetics of hyperpolarization-induced current activation (Fig. 7 C) . As we have described previously (17) , voltage-dependent activation of wild-type CLH-3b is well described by the sum of two exponentials that define fast and slow time constants (t fast and t slow ). The inset in Fig. 7 C shows a single exponential fit to a wild-type CLH-3b current activated by a test voltage of ÿ120 mV. The fit is poor as evidenced by a mean 6 SE coefficient of determination (R 2 ) of 0.85 6 0.02 (n ¼ 7). Mean 6 SE t fast and t slow derived from double exponential fits were 5.3 6 0.7 ms and 135 6 10 ms (n ¼ 7), respectively.
In contrast to wild-type CLH-3b, activation of CLH3b(D668-768) at ÿ120 mV was well described by a single exponential function (Fig. 7 C) . The mean 6 SE R 2 value for the fit was 0.99 6 0.001 (n ¼ 13). The mean 6 SE time constant of CLH-3b(D668-768) activation derived from the single exponential fit was 83 6 4 ms (n ¼ 13). As described in more detail in the Discussion section, the activation voltage and kinetics of hyperpolarization-induced activation of CLH-3b(D668-768) resemble those of wild-type CLH-3b coexpressed heterologously with and inhibited by the Ste20 kinase GCK-3 (17) .
The C. elegans Gene Knockout Project at the Oklahoma Medical Research Foundation recently generated a clh-3 deletion mutant worm strain. Genomic sequencing and PCR analysis demonstrated that the clh-3(ok768) allele deletes amino acids 668-768 (i.e., the 101 amino acid splice insert between CBS1 and CBS2) of CLH-3b as well as an additional 64 amino acids immediately upstream (i.e., amino acids 604-667; 21; see Fig. 1 B) . The mutant channel, CLH3b(D604-768), is expressed functionally in the worm oocyte and exhibits CLH-3a-like voltage, Cl ÿ , and H 1 sensitivity (21). These observations indicate that amino acids 604-667 also control CLH-3b functional properties.
As noted earlier, all eukaryotic ClC channels possess two C-terminal CBS domains. Mutations in these domains alter voltage-dependent gating of various ClC channels (22, 23) . Paired CBS domains are also found in numerous unrelated proteins, and mutations in them give rise to diverse human diseases (11) . Given the importance of CBS domains in protein function, we postulated that the altered gating properties of the CLH-3b(D604-768) mutant (21) are due at least in part to deletion of the last 11 amino acids of CBS1 (i.e., amino acids 604-614).
To test this hypothesis, we generated two mutant channels by deleting amino acids 604-614 of CBS1 or amino acids 615-667, which are immediately downstream of the predicted CBS1 domain. CLH-3b(D615-667) had CLH-3b-like functional properties. The channel was insensitive to depolarizing conditioning voltages and had extracellular Cl ÿ and pH sensitivities that were CLH-3b-like (data not shown). However, CLH-3b(D615-667) did exhibit a significant (p , 0.0001 compared to wild-type CLH-3b) shift in activation voltage to a mean value of ÿ64 mV.
In contrast to CLH-3b(D615-667), the CBS1 domain mutant, CLH-3b(D604-614), had functional properties that were indistinguishable from wild-type CLH-3a (Figs. 2 and  3 ). Conditioning predepolarization-potentiated hyperpolarization induced activation of CLH-3b(D604-614) and caused slow channel inactivation (Fig. 6) . CLH-3b(D604-614) also exhibited a hyperpolarizing shift in activation voltage (Fig.  7 B) and increased sensitivity to extracellular H 1 (Fig. 7 D) and bath Cl ÿ reduction (Fig. 7 E) . In summary, data in Figs. 2-7 demonstrate clearly that the 71 amino acid N-terminal splice insert on CLH-3a does not modulate channel voltage, Cl ÿ , or pH sensitivity. Instead, C-terminal splice variation alters channel functional properties and gives rise to the unique biophysical characteristics of CLH-3b. The results also suggest that a functional interaction exists between the last 169 amino acid splice insert of CLH-3b and the C-terminal portion of CBS1.
Splice variation of the cytoplasmic C-terminus alters reactivity of extracellular cysteine residues to MTSET
The bacterial ClC crystal structure revealed the presence of three Cl ÿ binding sites in the ion permeation pathway (4). These binding sites are formed by isoleucine and phenylalanine, serine, and tyrosine residues located on the N-terminal ends of helices N, D, and R, respectively (see Fig. 1 ). In the closed channel conformation, the carboxyl group of a glutamate residue located on the N-terminus of helix F occupies the Cl ÿ binding site closest to the extracellular solution. This glutamate residue is highly conserved throughout the ClC superfamily and appears to mediate the so-called fast gating mechanism that controls the opening of each protopore (4, 19, 20, 24) . Chloride and H 1 are thought to activate ClC channels by displacing or protonating this so-called glutamate gate.
Dutzler et al. (5) suggested that the linkage of the ClC selectivity filter and glutamate gate in the outer pore vestibule to the cytoplasmic C-terminus via the R helix could provide a direct route for regulating channel activity by intracellular signaling events. Alignment of CLH-3a and CLH-3b with the Salmonella ClC sequence revealed that the glutamate gate is conserved in both splice variants. In addition, isoleucine, phenylalanine, serine, and tyrosine residues that form Cl ÿ binding sites are also conserved. Based on the conservation of this primary structure, we proposed that splice variation of the cytoplasmic C-terminus may secondarily alter via the R helix the conformation of the selectivity filter and glutamate gate, which in turn gives rise to the differences in CLH-3a and CLH-3b voltage, Cl ÿ , and H 1 sensitivity (14) . To begin testing this hypothesis, we mutated E-238 and E-167 in CLH-3a and CLH-3b, respectively, to alanine. Data in Fig. 8 demonstrate that the glutamate mutants are constitutively active (Figs. 8, A-C) and are largely insensitive to extracellular acidification (Fig. 8 F) . In addition, CLH-3a(E238A) is not potentiated by conditioning depolarization (Fig. 8 D) nor is it inhibited by lowering extracellular Cl ÿ from 92 mM to 12 mM (Fig. 8 E) . To begin assessing whether CLH-3a and CLH-3b exhibit differences in outer pore conformation, we mutated E-238 and E-167 to cysteine and characterized the effect of the positively charged cysteine modifying reagent MTSET on channel activity. Fig. 9 A shows the inhibitory effect of 1 mM MTSET on wild-type CLH-3a and CLH-3b and on the CLH3a(E238C), CLH-3b(E167C), CLH-3b(E167C)D833-1001, and CLH-3b(E167C)D604-614 mutant channels. MTSET inhibited wild-type CLH-3a and CLH-3b by 40-50%. Mutation of the glutamate gate to cysteine significantly (p , 0.01) increased the extent of current inhibition induced by MTSET in all four mutant channels. Mean percent inhibition of the four cysteine mutants examined were 65-75%. The increased inhibitory effect of MTSET on the glutamate gate cysteine mutants indicates that the engineered cysteine residue contributes to MTSET inhibition and/or that the mutation has altered reactivity of endogenous extracellular cysteine residues. Fig. 9 B shows examples of the time courses of MTSET inhibition on currents in cells expressing CLH-3a(E238C), CLH-3b(E167C), or CLH-3b(E167C)D833-1001. MTSET inhibits the three currents in a monoexponential fashion. The time constants of MTSET inhibition derived from exponential fits to current records such as those in Fig. 9 B are shown in Fig. 9 C. Mean inhibition time constants for wild-type CLH-3a and CLH-3b were 24 s and 18 s, respectively, and were not significantly (p . 0.2) different. Mutating E-238 to cysteine in CLH-3a had no significant (p . 0.9) effect on the inhibition time constant (mean time constant ¼ 24 s). However, MTSET inhibition of CLH-3b(E167C) was dramatically slowed. The mean inhibition time constant was increased significantly (p , 0.001) from 18 s for wild-type CLH-3b to 144 s for the CLH-3b(E167C) mutant (Fig. 9 C) . These results demonstrate that the engineered cysteine residue and/or endogenous extracellular cysteines in CLH3b(E167C) have altered MTSET reactivity compared to cysteine residues in CLH-3a(E238C).
To test the hypothesis that the structure of the C-terminus secondarily alters structural relationships on the outer surface of the channel, we quantified the effect of C-terminal deletion mutations on MTSET inhibition of CLH-3b(E167C). Deletion mutations in CLH-3b that gave rise to CLH-3a-like functional properties (see Figs. 6 and 7) had no effect on the extent of MTSET inhibition (Fig. 9 A) but dramatically reduced the MTSET inhibition time constant. Mean inhibition time constants for CLH-3b(E167C)D833-1001 and CLH3b(E167C)D604-614 were 38 s and 28 s, respectively (Fig. 9  C) . Both values were significantly (p , 0.001) lower than the MTSET inhibition time constant of 144 s for CLH3b(E167C). These results indicate that primary structural changes in the CLH-3b cytoplasmic C-terminus that alter channel gating also alter the reactivity of cysteine residues on the extracellular surface of the channel.
DISCUSSION
Dutzler and co-workers demonstrated that amino acids on helices D, F, N, and R form the selectivity filter and fast protopore gating mechanism in the outer pore vestibule of ClC proteins (4,5) (Fig. 1) . The connection of the R helix to large cytoplasmic C-termini in eukaryotic ClC proteins has suggested that these domains may secondarily alter the structure of the outer pore and lead to changes in channel gating and functional properties. Consistent with this idea, Hebeisen and Fahlke (25) have shown recently that truncation of the C-terminus of ClC-1 alters anion binding affinities and the MTSET reactivity of an engineered cysteine residue on helix F. We suggested previously that C-terminal splice variation of CLH-3a and CLH-3b gives rise to the distinct voltagedependent gating properties and extracellular Cl ÿ and H 1 sensitivities of these two channels (14) . This hypothesis is supported clearly by the current studies. Deletion of the 169 amino acid C-terminal splice insert unique to CLH-3b ( Fig.  1 B) induces functional properties that are identical to those of wild-type CLH-3a (Figs. 2, 3, 6 , and 7). Interestingly, the same channel properties are induced by deletion of the last 11 amino acids of CBS1 (Figs. 6 and 7) . These results suggest that a functional interaction exists between CBS1 and the distal C-terminus of the channel. This functional interaction could be mediated by a direct interaction between the two protein domains. Alternatively, both domains may be necessary for maintaining secondary and tertiary structure that modulates overall channel properties. The glutamate gate plays a central role in voltage, Cl ÿ , and H 1 -dependent gating of ClC channels (4, 19, 20, 24) . We postulated that the differences in CLH-3a and CLH-3b voltage, Cl ÿ , and H 1 sensitivity may be due to difference in the conformation of the glutamate gate and selectivity filter (14) . Consistent with this idea, as well as other studies (4, 19, 20) , mutation of the glutamate gates to alanine gives rise to constitutively active channels that are largely insensitive to changes in voltage and extracellular Cl ÿ and H 1 (Fig. 8 ). We performed cysteine mutagenesis experiments to begin characterizing the effect of C-terminal splice variation on the conformation of the extracellular surface of the channel. Wild-type CLH-3a and CLH-3b are inhibited 40%-50% by 1 mM MTSET (Fig. 9, A and C) . The extent of inhibition and the inhibition time constants are similar for CLH-3a and CLH-3b, suggesting that endogenous extracellular cysteine residues on the two channels have similar MTSET reactivity.
Mutation of the glutamate gates to cysteine increased the extent of MTSET inhibition significantly in both CLH3a(E238C) and CLH-3b(E167C) (Fig. 9 A) . Cysteine mutagenesis had no effect on the CLH-3a(E238C) MTSET inhibition time constant, but it slowed the rate of CLH3b(E167C) MTSET inhibition by approximately sevenfold (Fig. 9 C) . This dramatically slowed MTSET inhibition was nearly fully reversed in the CLH-3b(E167C)D833-1001 and CLH-3b(E167C)D604-614 mutant channels (Fig. 9 C) . As shown in Figs. 6 and 7 , deletion of amino acids 833-1001 and 604-614 in CLH-3b gives rise to CLH-3a-like voltage, Cl ÿ , and pH sensitivity. Our data thus demonstrate that changes in the primary structure of the CLH-3b cytoplasmic C-terminus that alter channel gating also cause conformational changes at the extracellular surface of the channel. These conformational changes in turn alter the MTSET reactivity of extracellular cysteine residues.
It is tempting to speculate that the slowed MTSET inhibition of CLH-3b(E167C) is due to reduced MTSET reactivity of the engineered cysteine residue compared to CLH3a(E238C) and that the reactivity of this residue is modulated by the structure of the cytoplasmic C-terminus. However, it should be stressed that the actual cysteine residues targeted by MTSET in CLH-3b(E167C) are uncertain. It is conceivable that the E167C mutation slows MTSET inhibition by secondarily altering the reactivity of endogenous extracellular cysteine residues. More detailed structural analysis of the glutamate gate and outer pore structure will require the engineering of a functional cysteineless CLH-3b mutant.
Deletion of the CLH-3b 101 amino acid splice insert (i.e., amino acids 668-768) located between CBS1 and CBS2 ( Fig. 1 B) does not alter Cl ÿ or H 1 sensitivity or induce sensitivity to depolarizing voltages (Figs. 6, A and B, and 7, D and E). Instead, deletion of this splice insert shifts the activation voltage of CLH-3b from ÿ32 mV (Fig. 3 D; (17)) to ;ÿ70 mV (Fig. 7 B) . This deletion also alters the kinetics of hyperpolarization-induced current activation. Hyperpolarization-induced activation of wild-type CLH-3b expressed alone in HEK293 cells is described by fast and slow time constants of ;5 ms and ;135 ms ( Fig. 7 C and Results) . Similar fast and slow time constants also describe activation of CLH-3b(D833-1001) and CLH-3b(D604-614) (data not shown). In contrast, CLH-3b(D668-768) activation is described by a single slow time constant (Fig. 7 C and Results) .
The effects of deleting the splice insert between CBS1 and CBS2 are remarkably similar to the effects of the Ste20 kinase GCK-3 on wild-type CLH-3b activity. When expressed alone in HEK293 cells, CLH-3b is largely constitutively active. GCK-3 inhibits CLH-3b in vivo and in heterologous expression systems by phosphorylating the channel and/or associated regulatory proteins. When coexpressed with the channel, GCK-3 reduces whole cell current levels and shifts the activation voltage from ;ÿ30 mV to ;ÿ70 mV. In addition, hyperpolarization-induced activation of the GCK-3-inhibited current is described by a single slow time constant (17) . We suggested previously that GCK-3 may function to inhibit protopore fast gating via signaling events occurring at the cytoplasmic C-terminus (17) .
GCK-3 is a homolog of mammalian PASK (proline-and alanine-rich Ste20-related kinase) (26) and binds to the CLH3b C-terminus via the PASK binding motif RFLI (17) . This binding motif is located at the beginning (i.e., R-668-I-671) of the 101 amino acid splice insert. Mutation of phenylalanine at position 669 to alanine prevents GCK-3 binding and channel inhibition (17) .
The specific binding of GCK-3 to the 101 amino acid splice insert and the effects of deletion of these amino acids on channel functional properties suggest the intriguing possibility that this splice insert is a regulatory domain. A simple hypothesis to explain our results is that the 101 amino acid domain interacts with another region of CLH-3b. This interaction in turn induces a conformational change that allows channel activation at relatively depolarized membrane voltages. Disruption of this interaction by GCK-3-mediated phosphorylation events or by deletion of the putative regulatory domain converts the channel into an inactive conformation. Additional studies are required to test this hypothesis and to determine how phosphorylation alters channel gating properties and structure.
To conclude, we have shown that splice variation of the cytoplasmic C-terminus accounts for the striking differences in voltage, Cl ÿ , and H 1 sensitivity of CLH-3a and CLH-3b and that it alters the conformation of the extracellular surface of the channels. Differences in outer pore structure and conformation of the glutamate gates may give rise to differences in CLH-3a and CLH-3b gating. We suggest that the 169 amino acid C-terminal splice insert in CLH-3b represents a ''gating module'' that modifies the voltage-dependent gating properties of the channel. The 101 amino acid splice insert between CBS1 and CBS2 may be a ''regulatory module'' that confers phosphorylation-dependent channel regulation (Fig. 1 B) . It is interesting to speculate that mutational changes in the cytoplasmic C-terminus represent a major driving force in the evolutionary diversification of eukaryotic ClC channels.
